To get an overview of the possibility to inject and store CO2 in a safe and effective way offshore Norway, possible storage sites has been mapped and evaluated. A total of 27 geological formations have been individually assessed, and grouped into saline aquifers together with several mapped and dry-drilled structures. The evaluation of geological volumes suitable for injecting and storing CO 2 can be viewed as a step-wise approximation which is presented with a pyramid representing the maturity of the storage sites. The assessed aquifers have been characterized according to the guidelines, which have been developed for this study.
Introduction
The CO2 Storage Atlas of the Norwegian Continental Shelf [1] has been prepared by the Norwegian Petroleum Directorate (NPD), at the request of the Ministry of Petroleum and Energy. The studied areas are located in parts of the Norwegian Continental Shelf (NCS) which are opened for petroleum activity. The main objectives have been to identify safe and effective areas for long-term storage of CO2 and to avoid possible negative interference with ongoing and future petroleum activity. This atlas is also to form the basis for any terms and conditions to be set for future development of a storage site offshore Norway. This work is based on knowledge from more than 40 years of petroleum activity and from the ongoing CO2 storage projects with 17 years of experience with CO2 storage from the Sleipner Vest Field into the Utsira formation and from the Snøhvit Field (Barents Sea) from 2008. Valuable knowledge has also been gained through the Norwegian R&D and Demo project Climit, UNIS CO2 Lab and several large EU projects on storage and monitoring. This work is based on the three previous Atlas from The North Sea (2011), The Norwegian Sea (2012) and The Barents Sea (2013) ( Fig.1 ).
Fig.1 CO2 Storage Atlas of the Norwegian Continental Shelf

Access to Data
The study presented here is based on detailed work on all relevant geological formations and hydrocarbon fields in the NCS. NPD has access to all data collected from the petroleum activity and has a national responsibility for the data [2] . The authority's access to collected and analysed data is stipulated in law. These data, together with many years of dedicated work to establish geological play models for the NCS have given us a good basis for the work presented. Seismic data ( fig.2 ) and results from exploration and production wells form an extensive database . 27 geological formations have been individually assessed in this study ( fig.7 ). Studies have shown that it may be possible to store large amount of CO2 on the NCS. Several saline aquifers are present and many dry-drilled structures proven. 
Methodology
Depending on their specific geological properties, several types of geological formations can be used to store CO2. Offshore Norway, the greatest potential capacity will be in deep saline-water saturated formations or in depleted oil and gas fields. Injected and stored as a supercritical fluid CO2 will migrate through the interconnected pore spaces in the rock, just like other fluids (water, oil, gas). To be suitable for CO2 storage, saline formations need to have sufficient porosity and permeability to allow large volumes of CO2 to be injected in a supercritical state at the rate it is supplied at. It must further be overlain by an impermeable cap rock, acting as a seal, to prevent CO2 migration Brønnøysund Kristiansund into other formations or to sea.CO2 is held in-place in a storage reservoir through one or more of five basic trapping mechanisms: stratigraphic, structural, residual, solubility, and mineral trapping. Generally, the initial dominant trapping mechanisms are stratigraphic trapping or structural trapping ( fig.3 ) or a combination of the two. An aquifer is a body of porous and permeable sedimentary rocks where the water in the pore space is in communication throughout ( fig.4 ). Aquifers may consist of several sedimentary formations and cover large areas. They may be somewhat segmented by faults and by low permeable layers acting as baffles to fluid flow. 
Characterization of the saline aquifers
Aquifers and structures have been characterized in terms of capacity, injectivity and safe storage of CO2. To complete the characterization, the aquifers are also evaluated according to the data coverage and their technical maturity. Some guidelines (a check list) were developed to facilitate characterization ( fig.5 ). The scores for capacity, injectivity and seal quality are based on evaluation of each aquifer/structure. The checklist for reservoir properties gives a more detailed overview of the important parameters regarding the quality of the reservoir. A corresponding checklist has been developed for the sealing properties. Evaluation of faults and fractures through the seal, in addition to old wells penetrating the seal, provides important information on the sealing quality. The data coverage is colour-coded to illustrate the data available for each aquifer/structure. Characterization and capacity estimates will obviously be more uncertain when data coverage is poor. The scores for capacity, injectivity and seal were determined from the individual parameters established in the guidelines. The methods used for characterization of reservoir properties are similar to well-established methods used in petroleum exploration. Characterization of cap rock and injectivity is typically conducted in studies of field development and to some extent in basin modelling. For evaluation of regional aquifers in CO2 storage studies, the mineralogical composition and the petrophysical properties of the cap rocks are rarely well known. In order to characterize the sealing capacity in this study, we have mainly relied on regional pore pressure distributions and data from leak-off tests combined with observations of natural gas seeps. In exploration wells on the Norwegian shelf, pressure differences across faults and between reservoir formations and reservoir segments are commonly observed. Pressure differences give indications of the sealing properties of cap rocks and faults. Based on observations in the hydrocarbon provinces, combined with a general geological understanding, one can use the sealing properties in explored areas to predict the properties in less explored or undrilled areas. Natural seepage of gas is commonly observed in the hydrocarbon provinces in the Norwegian continental shelf and is expected from structures and hydrocarbon source rocks where the pore pressure is close to or exceeds the fracture gradient (fig6). Seepage at the sea floor can be recognized by biological activity and by free gas bubbles. Seismically, seepage is indicated by gas chimneys or pipe structures. The seepage rates at the surface show that the volumes of escaped gas through a shale or clay dominated overburden are small in a time scale of a few thousand years. Rapid leakage can only take place if open conduits are established to the sea floor. These could be created along wellbores or by reactivation of faults or fractures. Established natural seepage systems are also regarded as a risk factor for CO2 injection. In summary, the capacity of each aquifer is given in the tables as a deterministic volume. The injectivity and sealing properties are indicated by scores 1 to 3. The characterization is based on a best estimate of each parameter. Uncertainty is not quantified, but is indicated by the colour coding for data availability and maturity.
Fig. 5 Characterization of aquifers and structures, with regard to reservoir and seal
Estimation of storage capacity
CO2 can be stored in produced oil and gas fields, or in saline aquifers. In a producing oil field, CO2 can be used to combine storage with enhanced recovery. In saline aquifers, CO2 can be stored as dissolved CO2 in the water phase, free CO2 or residual (trapped) CO2 in the pores. When fluid is injected into a closed or half-open aquifer, pressure will increase. The relation between pressure and injected volume depends on the compressibility of the rock and the fluids in the reservoir. The solubility of CO2 in the different phases will also play a part. Safe injection of CO2 or any other fluid requires that the injection pressure in the reservoir is less than the fracturing pressure. Pressure increase can however be mitigated by production of formation water. The fracturing pressure depends on the state of stress in the bedrock and is typically 10-30 % lower than the lithostatic pressure. Fracturing gradients were estimated by comparing pore pressures in overpressured reservoirs with data from leak-off tests. Storage capacity depends on several factors, primarily the reservoir pore volume and the fracturing pressure. It is important to know if there is communication between multiple reservoirs, or if the reservoirs are in communication with larger aquifers.
Geological development of the Norwegian Continental Shelf
North Sea
The basic structural framework of the North Sea is mainly the result of Upper Jurassic/ Lower Cretaceous rifting, partly controlled by older structural elements ( fig.8a ). In the southern part, thick Permian evaporate sequences were deposited (Zechstein). Salt tectonics (halokinesis) is important for generation of closed structures, including hydrocarbon traps and also as a control on local topography and further sedimentation [3] . Due to their deep burial, Pre-Jurassic strata have not been evaluated for CO2 storage potential [4] . Large deltaic systems containing sand, shale and coal were developed in the northern part and the Horda Platform (Brent group). In the Norwegian-Danish Basin and the Stord Basin, the Vestland group contains deltaic sequences overlain by shallow marine/ marginal marine sandstones. The most important Jurassic rifting phase took place during the Late Jurassic the earliest Cretaceous. During this tectonic episode, major block faulting caused uplift and tilting and created considerable local topography with erosion and sediment supply. In the Paleocene/Eocene a series of submarine fans sourced from the Shetland Platform area towards the east into the study area. Fig.6Temperature gradients obtained from drill stem tests in the NCS Fig.7 Mapped aquifers on NCS These sands interfinger with marine shales in both the Rogaland and the Hordaland groups [5] . In the Miocene a deltaic system had developed from the Shetland Platform into the Norwegian sector of NS, and is represented by the Skade and Utsira Formations. Due to uplift and quaternary glacial erosion of the Norwegian mainland, thick Neogene sequences were deposited into the NS. This led to burial of the Jurassic source rocks to depths where hydrocarbons could be generated and the seals were effective. In the western provinces, Paleogene and older aquifers contain hydrocarbons. In the eastern part, hydrocarbon discoveries have only been made in local basins. In the eastern area, all the large aquifers have been evalueted based on the established methodology ( fig.8 b) . In the petroleum provinces, it is considered that exploration and production activities will continue for many years to come. The most realistic sites of CO2 storage will be some of the abandoned fields, in particular the gas fields.
CHARACTERIZATION OF AQUIFERS AND STRUCTURES
Consequently, an indication of the storage capacity of the fields has been given, but no aquifer volumes have been calculated. Some of the oil fields are considered to have a potential for use of CO2 to enhance oil recovery (EOR). Some of the CO2 used for EOR will remain trapped. The capacity for this type of CO2 trapping has not been calculated.
Norwegian Sea
The Norwegian Sea covers most of the continental margin between approximately 62 o and 69 o 30' N. The tectonic history can be divided into three major episodes: Final closure of the Iapetus Ocean during the Caledonian Orogeny (Late Silurian/ Early Devonian), a series of mainly extensional deformation episodes (Late Devonian to Paleocene), culminating with the continental separation between Greenland and Eurasia, active seafloor spreading in the North Atlantic between Eurasia and Greenland (Earliest Eocene to present) [6] (fig.9a ). The area with the best potential for storage of CO2 is the Trøndelag Platform (63 o to 67 o N), one of the main structural elements of the Norwegian Sea. The areas further west and south are considered less suitable for storage of CO2 due to the active production of hydrocarbons, high temperature and high pressure and the depth of the relevant reservoirs.
In the Norwegian Sea, the general conditions are met in the Trøndelag Platform including the Nordland Ridge and in the Møre Basin ( fig.9b ). Potential CO2 storage in the shelf slope and deep sea provinces of the Norwegian Sea has not been evaluated. The aquifers in the Froan Basin have a consistent dip of 1-2 degrees from the Norwegian coast to the basinal areas. In the case of permeable beds occurring along the dip slope there is a risk that CO2 injected down dip can migrate up to where the aquifer is truncated by the Quaternary glacial sediments. This setting is similar to several other aquifers in the NCS [7] . The main objective of our study has been to estimate the amount of 
Barents Sea
The Barents Sea is located in an intracratonic setting between the Norwegian mainland and Svalbard. It has been affected by several tectonic episodes after the Caledonian orogeny ended in Late Silurian/Early Devonian [8] . fig.10a ). Cenozoic tectonism and Quaternary glacial erosion has caused the maximum burial of these source rocks in the evaluated area occurred in the past [9] . The reservoir porosity and permeability are related to the temperature and pressure at maximum burial. Due to extensive erosion, good reservoir quality is encountered only at shallower depth than what is found in the North Sea and Norwegian Sea. Hydrocarbons and traces of hydrocarbons have been found in several aquifers, and at the present stage in exploration, it is thought that most of the area selected for evaluation of CO2 storage will also be subject to further exploration and exploitation by the petroleum industry. Consequently, storage of CO2 in the southern Barents Sea must take place in accordance with the interests of the petroleum industry. The main storage options considered in this study are limited to structurally defined traps, and to depleted and abandoned gas fields. In areas where the pressure exceeds the miscibility pressure of CO2 and oil, one might consider using CO2 injection to recover some of these oil resources (CCUS). The main aquifer system in the study area consists of Lower and Middle Jurassic sandstones belonging to the Realgrunnen Subgroup ( fig.10b ). This aquifer system can be defined in three distinct geographical areas which are described in the following section [10] . The Bjarmeland Platform is located north of 72°N and extends beyond 74°N, north of the Nordkapp Basin. The boundary between the Hammerfest Basin aquifer and the Bjarmeland Platform aquifer is transitional. According to well data, the best quality aquifer in the Bjarmeland Platform is found in the saddle area between the Nordkapp and Hammerfest Basins. The structuring of the Bjarmeland Platform is mainly related to salt tectonics which has resulted in domes, 
Formations not evaluated
Ve Mb. 13  15  17  19  22  24  26  28  30  33  35  37  39  42  44  46  48  50  53  55  57  59  62  64  66  68  70  73  75  77  79  82  84  86  88  91  93  95  97 Triassic rim synclines and normal faults. The pore pressure is hydrostatic. It is likely that the degree of communication within the regional Bjarmeland Platform aquifer is not as good as within the upper part of the Hammerfest Basin aquifer (Stø Formation), due to reduced thickness and more heterolithicfacies. 
Storage Capacity on Norwegian Continental Shelf
An overview of the results of this study is illustrated by maturation pyramids for the North Sea, Norwegian Sea and southern Barents Sea. All areas have a significant potential for CO2 storage. The total storage capacity of the North Sea aquifers is much larger than for the other regions. One reason for this is that in the North Sea there are important aquifers at several stratigraphic levels, while in the Norwegian Sea and Barents Sea, Jurassic formations will be the main target for CO2 injection. The injectivity of the studied aquifers and the sealing properties of their cap rocks are considered to be acceptable or good, mainly because poor quality reservoir formations were excluded from the evaluation. Sealing properties are typically characterized as slightly lower in the Barents Sea than in the other regions. This is due to the Cenozoic and Quaternary uplift history and widespread evidence of hydrocarbon seepage. In the North Sea and Norwegian Sea the studied aquifers belong to areas where conflicts of interests with petroleum industry are not very likely. Most of them were characterized to the green level in the maturation pyramid. Due to a geological setting with source rocks at several stratigraphic levels and a complex burial history, most parts of the southern Barents Sea were considered to be of interest for future petroleum exploration, consequently the studied aquifers were classified to belong to the blue level. 
